ABSTRACT: An experiment was conducted to determine the long-term effects of dietary boron (B) on growth performance, immune function, and plasma and serum characteristics in gilts. Fifty weanling gilts were allotted to 10 pens based on weaning weight and litter origin. Pens were randomly assigned to receive one of two dietary treatments. Treatments consisted of a basal diet low in B (control) and the basal diet supplemented with 5 mg B k g diet as sodium borate. Gilts remained on their respective experimental diets and with their penmates throughout the nursery, growing, and finishing phases. The B concentration of the basal diet was 0.98,2.1, and 2.2 mgkg diet during the nursery, growing, and finishing phases, respectively. At the end of each production phase, animals were weighed and feed consumption was determined to assess growth performance variables. In addition, blood samples were obtained from three randomly selected gilts per pen at the completion of each phase. Boron had no affect (P > 0.58) on growth performance during the nursery phase, but gilts receiving supplemental B had increased (P < 0.05) ADG at the end of the finishing phase and over the entire growing-finishing period. Serum concentrations of triiodothyronine (T3) tended ( P < 0.07) to be reduced by dietary B at the end of the nursery phase, but serum thyroxine (T4) was not affected ( P = 0.46) by B. At the completion of the growing phase, supplemental B decreased (P < 0.05) the concentrations of T3 and T4 in the serum. In addition, serum concentrations of total cholesterol and the activity of alkaline phosphatase were increased ( P < 0.05) by dietary B at the end of the growing phase. Serum concentrations of urea N tended (P < 0.09) to be increased by B at the end of the growing phase. Beginning at d 95 of the experimental period, measures of immune function were assessed in randomly selected gilts. Boron decreased ( P < 0.05) the inflammatory response to an intradermal injection of phytohemagglutinin. Boron did not affect ( P > 0.30) the blastogenic response of isolated lymphocytes to mitogen stimulation or the humoral immune response against a sheep red blood cell suspension. Results indicate that B may affect serum thyroid hormone concentrations, the inflammatory response, and growth in pigs.
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Introduction
Boron (B) is accepted as an essential element for vascular plant growth (Warrington, 1923) ; however, the 'Use of trade names in this publication does not imply endorsement by the North Carolina ARS or criticism of similar products not mentioned.
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Interest in the study of B in animal and human nutrition has increased, due to the report that B supplementation partially corrected leg abnormalities in cholecalciferol-deficient chicks (Hunt and Nielsen, 1981) . Supplementing 5 mg B k g diet to a semipurified basal diet that contained 0.98 mg B k g diet increased the maximum bending moment of the femur in barrows and improved feed efficiency of weanling pigs (Armstrong et al., 2000) . In addition, recent research indicated that low B conditions impair the growth of trout (Eckhert, 1998) and the survivability of zebrafish (Rowe and Eckhert, 1999) and negatively affect embryonic development of rodents (Lanoue et al., 1998) and frogs (Fort et al., 1999a,b) . Recently, B has been implicated to function in the immune system (Hunt and Idso, 1999) . Supplementation of B decreased paw swelling in adjuvant-induced 1549 arthritic rats (Bai and Hunt, 1995; Hunt and Idso, 1999) . In addition, B supplementation to a low-B diet increased serum total antibody concentrations following administration of an antigen in rats (Bai et al., 1997) .
The objectives of this study were to evaluate the effects of long-term B supplementation to diets low in B on growth performance, immune response, and plasma and serum characteristics in gilts.
Materials and Methods

Animal Care and Feeding
Fifty gilts from a terminal cross (PIC 326 x PIC 326) were weaned at 18 to 22 d of age with an average initial weight of 6.9 kg. The gilts were allotted to 10 pens based on weaning weight and litter origin. Gilts were housed five per pen in an environmentally controlled nursery, and pens were randomly assigned to receive one of two dietary treatments. Treatments consisted of a basal diet low in B (control) or the basal diet supplemented with 5 mg B/kg diet. Each treatment was randomly assigned to five pens with five gilts per pen. Boron was supplemented as sodium borate decahydrate (Na2B407.10H20; 11.34% B; Sigma Chemical, St. Louis, MO).
The nursery phase lasted a total of 43 d, and the average final BW was 22.8 kg. During the nursery phase, all gilts received a semipurified basal diet using feedstuffs primarily of animal origin, with the exception of cornstarch and sucrose (Table 1) . These feedstuffs were chosen in an attempt to formulate a diet low in 0.68% Ca, 0.53% P, and analyzed to contain 2.1 mg B/kg diet. 0.58% Ca, 0.51% P, and analyzed to contain 2.2 mg B/kg diet.
B (Hunt, 1997a) . Basal diet B concentrations were determined via inductively coupled argon plasma atomic emission spectrophotometry (Varian Liberty 11, Varian, Sugarland, TX) as described by Hunt (1997b) . The stock standard was Specpure boric acid (1000 p,g/mL; Alfa Aesar, Ward Hill, MA) with calibration standards diluted from this stock. Apple leaves (NIST SRM 1515) obtained from the National Institute of Standards and Technology (Gaithersburg, MD) were used as the reference standard. The nursery basal diet was analyzed to contain 0.98 mg B/kg diet. The diets were formulated to meet or exceed the requirements for pigs weighing approximately 7 to 23 kg (NRC, 1998) . The diets were fed in meal form, and gilts had ad libitum access to feed and water throughout the nursery period. Animal weights and feed disappearance were monitored and recorded weekly.
At the end of the nursery phase, all gilts were moved to the growing-finishing facility. Gilts remained with their penmates and continued on their respective experimental diets for 111 d (average final BW was 112.2 kg). Ingredient composition of the growing and finishing diets are shown in Table 2 . Ingredients in the growing and finishing diets were also selected to formulate a basal diet that was low in B (Hunt, 1997a) . The cornstarch was replaced with ground corn in these diets to facilitate feeder management and because ground corn is considered to be low in intrinsic B concentration. The basal diets fed during the growing and finishing phases were analyzed to contain 2.1 and 2.2 mg B/kg diet, respectively. Diets were provided in meal form and were formulated to meet or exceed the requirements for growing and finishing pigs (NRC, 1998) . Throughout the growing and finishing phases, all pigs had ad libitum access to feed and water. Pigs were changed from the growing to the finishing diet after 46 d with an average weight of 59.6 kg. Animal weights and feed disappearance were monitored and recorded at the completion of the growing (46 d) and the finishing (111 d) phases.
All experimental procedures, care, and handling of animals were approved by the North Carolina State University Institutional Animal Care and Use Committee.
Plasma and Serum Metabolites
Blood samples were obtained from the jugular vein of three randomly selected gilts per pen at the end of the nursery, growing, and finishing phases at a random time relative to feeding. Blood samples were evaluated for plasma macromineral concentrations (calcium, phosphorus, and magnesium), serum concentrations of thyroxine (T4), triiodothyronine (T3), total cholesterol, triglycerides, urea nitrogen (SUN), and serum alkaline phosphatase (ALP) activity. Blood for analysis of plasma and serum characteristics was collected in heparinized trace mineral-free Vacutainer (Becton Dickinson and Company, Franklin Lakes, NJ) tubes and sterile, no-additive Vacutainer tubes, respectively. Plasma and serum were obtained by centrifugation (1,670 x g) of blood samples at 5°C for 30 min.
Plasma inorganic phosphorus (P) concentrations were determined colorimetrically from the absorbance at 400 nm (Spectronic 1001, Bausch and Lomb, Rochester, NY), following deproteinization with 10% TCA and resuspension with vanadomolybdate reagent, according to the method adapted from AOAC (1990). Plasma calcium (Ca) and magnesium (Mg) concentrations were determined by flame atomic absorption spectrophotometry (Shimadzu, AA-6701F, Japan) after dilution with 0.5% lanthium chloride (LaCI3).
Serum thyroid hormone concentrations were determined using radioimmunoassays specific for T3 and T4 (Coat-A-Count, Diagnostic Products Corp., Los Angeles, CA). The mean interassay CV for T3 was 5.8%, and the intraassay CV was 8.3%. The mean interassay CV for T4was 7.9%, and the intraassay CV was 7.5%. Sensitivities, defined at 90% binding, for T3 and T4 were 14.5 ng/dL and 0.75 pg/dL, respectively. Serum ALP activity was analyzed kinetically using the procedure described by Sigma Chemical Co. (1995b), which measures the absorbance of p-nitrophenol at 405 nm. Serum urea nitrogen concentrations were determined colorimetrically according to the diacetyl monoxime method using a commercial kit (Sigma Chemical Co., 1990a) . Plasma total cholesterol concentrations were determined using the methods described by Sigma Chemical Co. (1995a), which is a modified method of Allain et al. (1974) . Triglyceride concentrations were determined by measuring the absorbance of formazin at 500 nm following enzymatic reactions using a commercial kit (Sigma Chemical Co., 1990b).
Imnz une Mens u Yemen ts
On d 52 of the growing-finishing phase (d 95 of the study), the in vitro cellular immune response was measured in one randomly selected pig per pen using a lymphocyte blastogenesis assay. Approximately 20 mL of blood was obtained from each pig, lymphocytes were isolated by Ficoll gradient centrifugation, and lymphocytes were plated on 96-well plates (Corning, Corning, NY) at a concentration of 2 x lo6 viable cells/mL. The blastogenic response of peripheral lymphocytes to mitogen stimulation was measured as the incorporation of [3Hl thymidine as described by van Heugten and Spears (1997) . Concanavalin A (ConA), phytohemagglutinin (PHA), and pokeweed mitogen (PWM) were used as mitogens at a concentration of 5.0 pg/mL, 10.0 kg/mL, and 5.0 pg/mL, respectively.
On d 54 of the growing-finishing phase (d 97 of the study), humoral immune response was evaluated by injecting i.m. two randomly selected gilts per pen (that were not used for lymphocyte blastogenesis assay) with 2.5 mL of a 20% suspension of sheep red blood cells (SRBC). Blood samples were obtained by jugular venipuncture immediately prior to injection with SRBC and on d 7, 14, and 21 after injection. Serum was oht,ained by centrifugation (1,670 x g) at 5°C for 30 min and frozen at -20°C until it was analyzed for antibody titers.
Hemagglutination titers to SRBC were determined using a modified mercaptoethanol-PBS microtitration procedure as described by Droke et al. (1993) . Serum samples were heat-inactivated in a 56°C water bath for 30 min. Total immunoglobulin (Ig) titers were determined using 96-well microtitration plates. Fifty microliters of 0.01 M PBS (pH 7.4) was added to the first row of wells, followed by 50 pL of heat-inactivated serum. The first row of wells was covered with a plate sealer strip and incubated at 37°C for 30 min. Following incubation, 50 pL of 0.01 M PBS (pH 7.4) was added to the remaining wells and serial dilutions were made using a microdiluter. Fifty microliters of a 2.0% SRBC suspension was added to all wells, and the plate was completely covered with a plate sealer strip and incubated at 37°C for 30 min. Plates were removed from the incubator and remained at room temperature (23°C) for approximately 1 h. Plates were then read, and the titers were recorded as log2 PBS titers, corresponding to total anti-SRBC Ig titers.
Mercaptoethanol (ME) titers were determined by adding 25 ~J.L of 0.01 M PBS (pH 7.4), followed by 25 pL of a 0.20 M P-mercaptoethanol solution to the first row of wells. Fifty microliters of heat-inactivated serum was then added to the first row of wells. The rest of the procedure was the same as for the PBS titers. Titers were read and recorded as log2 ME-resistant titers. The ME-sensitive titers were calculated as the difference between the total Ig and ME-resistant titers. The MEsensitive titer is associated with IgM and the ME-resistant with IgG concentrations.
On d 59 of the growing-finishing phase (d 102 of the study), two pigs per pen that were not previously used in the other assays of immune function were used for the assessment of cell-mediated immune response using a PHA skin test (Kornegay et al., 1989; Fritz et al., 1990) . Pigs were injected intradermally with 0.1 mL of PHA (150 kg/O.l mL) in the flank region on both the right and left sides. Inflammatory response was measured as a change in skin thickness prior to and at 6, 12, 24, and 48 h after PHA injection using skinfold calipers. The average of the measurements from the two sites at each time period was used for statistical analyses.
Statistical Analyses
Statistical analyses of data were performed using the GLM procedure (SAS Inst. Inc., Cary, NC). The statistical model for ADG, ADFI, feed efficiency, plasma and serum metabolites, and lymphocyte blastogenesis data contained dietary treatment. The data for antibody titers and in vivo cell-mediated immunity were analyzed with analysis of variance procedures for repeated measures (Gill and Hafs, 1971 ). The statistical model consisted of treatment, time, and the treatment x time interaction. The animal within treatment mean square was the error term used to test for treatment effects.
Results and Discussion
One gilt receiving the B-supplemented diet died during the nursery phase, and a postmortem necropsy revealed that the gilt died from complications associated with a twisted gut. One control gilt died at the beginning of the finishing phase, and the postmortem necropsy revealed the gilt died from complications associated with pneumonia.
Average daily gain, ADFI, and feed efficiency were not affected (P > 0.28) by dietary B during the nursery or growing phases of production (Table 3) . However, during the finishing phase and over the entire growingfinishing phase, ADG of gilts receiving B supplementation was greater (P = 0.05) than that of the controls. During the finishing phase, ADFI and feed efficiency were not affected (P > 0.36) by dietary treatment. When performance data for the growing and finishing phases were combined, gilts consuming diets supplemented with 5 mg B/kg diet tended (P = 0.11) to have higher ADFI. This is the first report indicating that B supplementation can increase ADG in pigs. The increase in growth in the current study seemed to be a feed intake response, because of the tendency for B to increase feed intake. Previous research in weanling pigs indicated that B supplementation to a semipurified diet did not affect ADG but did improve gaidfeed (Armstrong et al., 2000) ; however, this was a short-term supplementation period. Studies with chicks indicate that B supplementation can increase growth under conditions of a vitamin D deficiency (Hunt and Nielsen, 1981) . Rossi et al. (1993) reported that male broiler chicks fed 5 mg supplemental B/kg diet had greater body weights than control birds under vitamin D adequacy. Pigs in the current study received a basal diet that was nutritionally adequate in all nutrients, including vitamin D (NRC, 1998) .
Recent research has indicated that B may play a role in the immune system. In the current study, skinfold thickness response of gilts to an intradermal injection of PHA was reduced (P < 0.05) by dietary B (Figure 1 ). There was a treatment x time interaction (P < 0.05). At 6 and 12 h after injection, the skinfold thickness response was lower (P < 0.05) in pigs receiving dietary B. The skinfold response tended (P < 0.10) to be reduced at 24 and 48 h after injection by dietary B. According to work in chickens, the tissue swelling response prior to 24 h after injection seemed to be an inflammatory response (McCorkle et al., 1980) . The response seen at 24 h and 48 h after injection in chickens seemed to be a cell-mediated response, due to basophilic infiltration and stimulation of T-lymphocytes (McCorkle et al., 1980) . Therefore, these current data suggest that the smaller tissue swelling following PHA injection in Bsupplemented gilts was due to a reduced inflammatory response, as opposed to a reduced cell-mediated response.
These data agree with research in rats, in which B supplementation decreased the paw swelling in adjuvant-induced arthritic rats (Bai and Hunt, 1995; Hunt and Idso, 1999) . Reduced inflammation following antigen challenge (or exposure) in B-supplemented animals may be explained by B increasing activities of certain enzymes related to the respiratory burst cascade (Hunt and Idso, 1999) . When a particle attaches to the surface of a phagocytic cell, it activates NADPH oxidase on the cell surface. This enzyme causes molecular oxygen to be converted to the superoxide radical. The superoxide radical may then generate other reactive oxygen species (ROS) that can cause tissue damage. However, specific enzymes destroy these ROS, thereby decreasing the resulting tissue damage. Superoxide dismutase is a copper and zinc metalloenzyme that converts the superoxide radical into hydrogen peroxide. Hydrogen peroxide can be degraded by a selenium-dependent glutathione peroxidase or by the iron-dependent catalase. The activities of superoxide dismutase and glutathione peroxidase have been increased by B supplementation (Griffith et al., 1978; Nielsen, 1994; Nielsen, 1997) . The mechanism whereby B affects activity of these enzymes is unknown.
1-+-
Another possible explanation for the decrease in the inflammatory response in the current study may be related to the concentration and(or) production of cytokines. Cytokines, specifically interleukin-1 (IL-1) and tumor necrosis factor-a! (TNF-a), are known t o function in inflammation (Dinarello, 1988; Akira et al., 1990; Murtaugh, 1994) . Therefore, B may reduce the production of IL-1 and TNF-a! from monocytes/macrophages. However, further research is necessary to determine the validity of these hypotheses.
In addition to inflammation, B has been reported to affect the humoral immune response by increasing antibody production to an injected antigen in rats (Bai et al., 1997) . Total Ig titers specific for SRBC increased (P < 0.01) following administration of SRBC, but no differences (P > 0.58) between treatments were noted in the current study (Figure 2 ). There was no difference (P > 0.15) in IgG or IgM titers specific for SRBC between treatments throughout the sampling period (data not shown). The in vitro cellular immune response was measured using a lymphocyte blastogenesis assay. Boron did not affect (P > 0.21) the blastogenic response of unstimulated lymphocytes or those stimulated with C o d , PHA, or PWM (Table 4) , possibly because only one gilt per pen was used for the measurement of the blastogenic response. Viability of the harvested lymphocytes averaged 86.1%.
Boron has been linked to the metabolism of macrominerals, specifically Ca, Mg, and P (Green and Weeth, 1977; Brown et al., 1989; Hegsted et al., 1991) . Plasma Ca concentrations were higher (P = 0.003) in B-supplemented gilts during the nursery phase (Table 5) . However, plasma Ca concentrations were not affected (P > 0.82) by B supplementation during the growing or finishing phases. Plasma Mg and P concentrations were not different (P > 0.24) between treatments during the nursery, growing, or finishing phases of production (Table 5).
Serum concentrations of T3 tended (P = 0.07) to be reduced during the nursery phase by dietary B (Table  5) . During the nursery phase, serum concentrations of T4 were not affected (P = 0.46) by treatment. In the growing phase, serum concentrations of T3 (P = 0.05) and T4 (P = 0.005) were reduced by dietary B. Serum T3, however, was not lower (P = 0.18) in the B-supplemented gilts during the finishing phase. Dietary B also did not affect (P = 0.25) serum T4 during the finishing phase. Nielsen and Penland (1999) reported that serum T3 and T4 responded to B supplementation in perimenopausal women. In that study, B supplementation decreased T3 but increased T4 concentrations. These discrepancies are unclear, but it seems that B affects serum thyroid hormone concentrations. Specifically, these current data indicate that increasing dietary B decreases thyroid hormone concentrations in pigs during the growing phase. This finding is supported by the concurrent increase (P = 0.02) in serum total cholesterol concentrations by dietary B during the growing phase (Table 6 ). Eder and Stangl(2000) reported that an inverse relationship exists between plasma concentrations of cholesterol and T4. In addition, Field et al. (1986) reported that hypothyroid rats have increased concentrations of cholesterol, which can be reduced by administering T4. However, serum cholesterol was not affected (P > 0.71) by B in samples collected during the nursery and finishing phases. Previous work in our laboratory indicated that B supplementation to a semipurified diet increased plasma total cholesterol concentrations in weanling pigs (Armstrong et al., 2000) .
Serum ALP activity was not affected (P > 0.94) by dietary B during the nursery or finishing phase (Table  6 ). However, serum ALP activity was increased (P = 0.05) by dietary B during the growing period. This enzyme is secreted by osteoblasts and is essential for bone formation (Berne et al., 1998 ). An increase in ALP activity may be indicative of increased osteoblastic activity, but this was more likely an artifact of the data, because the response was detected only during the growing phase. Nielsen (1997) has indicated that B may have a functional role in protein metabolism. In a human study, B decreased the concentrations of blood urea nitrogen, serum creatine, and urinary urea (Nielsen et al., 1991) . In the present study, dietary B tended (P = 0.09) to increase SUN concentrations only during the growing phase (Table 6 ). This increase in SUN is probably mediated by the tendency for B to increase feed intake, or it may be related to the fact that blood samples were not obtained at a standardized time relative to feeding.
Implications
Boron is not currently added to swine diets; however, in the present study, supplementing low-boron diets with boron improved growth and altered measures of immunity. These data imply that boron can have beneficial effects on metabolism and immune response, which could result in improved overall pig performance. A decreased inflammatory response may enhance the recovery of an animal following a disease challenge. However, further research is necessary to elucidate the mechanism of these metabolic effects of boron in pigs.
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